Mass spectrometric techniques play a prominent role in the rapidly expanding field of high-throughput screening (HTS). In this paper, the authors present a novel qualitative approach for the screening of a small library of compounds using MALDI-TOF-MS and HPLC-ESI-MS/MS. Chymotrypsin (CT), a serine protease, was selected as the target protein. A well-known inhibitor of CT is chymostatin (CS), a naturally occurring peptide aldehyde, which is reported to be a mixture of 3 components-A, B, and C-differing only in one of the amino acids. The authors report that native CS mixture consists of 3 additional ring hydroxylated components and that each compound exists in 2 epimeric forms. In case of protein-binding compounds, only 1 of the epimers was found to be active. A unique feature of this study is the generation of a combinatorial library of CS derivatives applying a one-pot strategy followed by identification and structural elucidation of the library components. Analytical investigation of the library resulted in the identification of 22 compounds. After incubation with CT and centrifugal ultrafiltration, 10 compounds were detected as protein-binding ligands. Finally, the complementary potentials of MALDI-TOF-MS and HPLC-MS/MS in the screening of complex ligand mixtures have been discussed. (Journal of Biomolecular
INTRODUCTION
A FTER THE SEQUENCING OF THE HUMAN GENOME, the number of potential drug targets (proteins functioning as receptors or enzymes) is estimated to be somewhere between 3000 and 10,000. This is a great leap over the approximately 500 drug targets that already have been identified. 1 Exploration of the outcome of the HuGP (human genome project) should inevitably lead to tremendous progress in the medical treatment of diseases for which there are no efficient drugs currently available. To accelerate the process of finding active compounds for novel potential drug targets, combinatorial libraries and new high-throughput screening strategies are essentially required. For these approaches, mass spectrometry is serving as a good analytical tool to meet the related demands. 2, 3 In this context, the work presented here focuses on the application of mass spectrometric techniques in the development of a new methodology for the identification of ligands possessing binding affinity for the target protein from a small library of compounds.
As a model protein, the serine protease chymotrypsin (CT) was selected. A well-known potent inhibitor of this enzyme is chymostatin (CS). 4, 5 CS is a peptide aldehyde extracted from the culture filtrates of Streptomyces hygroscopicus and Streptomyces lavendulae. 6 According to Bullock et al, 7 CS is a mixture of 3 different components-A (80%), B (15%), and C (5%)-differing only in one of the amino acids (Fig. 1) .
The aldehyde group plays a significant role in the binding of CS to CT. It forms a hemiacetal bond with the hydroxy group of Ser-195 of CT. This adduct resembles the tetrahedral intermediate in the proteolytic catalysis. 8 Considerable interest has been shown concerning the possible therapeutic value of chymostatin as an inhibitor of disease-related proteases. For example, leucocyte proteases play a primary role in the inflammatory tissue injury that occurs in pulmonary emphysema and some joint diseases. 9, 10 Chymostatin has also been shown to prevent tissue degradation, even when endogenous protease inhibitors such as α 1 -antitrypsin are ineffective. 11 When combinatorial libraries are synthesized, the goal is to create a variety of new chemical entities and to identify active components for a specific application. The calibration of a spectroscopic or chromatographic method for quantitative analysis principally requires pure reference substances that are not readily available from a combinatorial mixture synthesized applying a one-pot strategy. Therefore, first an analytical screening for active substances from libraries must be carried out with spectroscopic methods (MS, NMR) eventually coupled to a chromatographic technique. When quantitative information is required, preparative isolation of the related compound from the library can easily be performed, which enables calibration for quantitative analysis. The aim of this work is to develop a rapid and efficient qualitative screening method for complex ligand mixtures to speed up the process of finding active compounds.
In the following, we describe the analytical investigation of the CS mixture as well as the synthesis and structural elucidation of a small library containing CS derivatives using matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry and high-performance liquid chromatography (HPLC) coupled with an ion trap mass detector. A method for determining compounds binding to CT using centrifugal ultrafiltration is elaborated, and the binding ligands are determined.
MATERIALS AND METHODS

Materials
α-Chymotrypsin from bovine pancreas was obtained from Serva Electrophoresis GmbH (Heidelberg, Germany). Chymostatin and α-cyano-4-hydroxy cinnammic acid (CCA) were obtained from Sigma Biochemicals and Reagents; BF 3methanol complex was purchased from Aldrich-Chemie GmbH; and sinapinic acid (SA), sulfuric acid, formic acid, and 2,4dinitrophenyl hydrazine (DNPH) came from Fluka-Chemie GmbH (Taufkirchen, Germany). Trifluoro acetic acid (TFA) was obtained from Carl Roth GmbH (Karlsruhe, Germany). AZOCOLL was obtained from Calbiochem-Novabiochem GmbH (Schwalbach, Germany), and centrifuge filters (4 KDa MWCO, PES, 0.5 ml) came from Nalge-Nunc International. All the solvents used were of analytical grade.
Preparation of protein-ligand complex
Case I (binding of native CS)
CT (20 µM) was incubated with CS (100 µM) in PBS buffer (pH 7.4) for 30 min at 32°C in a water bath. This concentration of CS led to a 90% inhibition of the enzyme (photometric assay using AZOCOLL as a substrate). A 100-µl aliquot of incubation mixture was taken into a centrifuge filter unit and diluted with 400 µl water (Millipore) followed by centrifugal ultrafiltration at 11,000 × g, 4°C for 45 min on a High Speed Refrigerated Centrifuge (HITACHI, Japan). This step resulted in a 10-fold reduction of initial volume (500 µl to 50 µl). In a second cycle, 450 µl of water was added and centrifuged again. The number of cycles required to get rid of unbound ligands depends mainly on the initial concentration of ligands. Six cycles had to be used in this case. Filtrate after each cycle was analyzed separately to confirm complete filtration. Finally, the retentate was collected for analyses ( Fig. 2) . A blank sample (without CT) was used as a negative control.
Case II (binding of CS library)
CT (20 µM) was incubated with CS library (100 mM, calculated with respect to the initial concentration of CS-A) in water under the same conditions as mentioned above. A higher concentration of CS library was taken to facilitate the binding of minor components in the mixture and to minimize the effect of adsorption onto the filter. The incubation mixture was subjected to ultrafiltration in the same way as in case I. Ten cycles of ultrafiltration were required to eliminate unbound ligands. As a negative control, a blank sample containing only CS library (without CT) was used.
Synthesis of CS library
A total of 0.2 mg of CS was dissolved in 40 µl of 0.1% aqueous TFA and acetonitrile each and dried under vacuum. To the residue, 1 ml of BF 3 -MeOH complex and 5 ml of a mixture of MeOH and EtOH (1:1) were added. The starting material was taken in an excess (1-fold) to have some unreacted CS in the library. The reaction mixture was then stirred at RT for 2 h and dried under high vacuum.
The reddish-white solid obtained was subsequently dissolved in a small amount of MeOH first and then diluted with water. This solution was used directly for incubation with the enzyme.
MALDI-TOF analyses
For sample preparation, a saturated solution of matrix (CCA or SA) was first prepared in a mixture of 0.1% aqueous TFA (70%) and acetonitrile (30%), which was then mixed with the sample (5 µl each). The resulting mixture was subsequently spotted and dried under compressed air on the sample plate. For analyses, a MALDI-TOF-MS Reflex-III (Bruker Daltonics GmbH) was used. All samples were analyzed in reflector positive mode with constant attenuation.
Determination of detection limit for CS-A using MALDI-MS
For the determination of the detection limit for chymostatin A (major component), the CS mixture was analyzed in the following amounts-100 µmol, 50 µmol, 25 µmol, 10 µmol, 5 µmol, 2 µmol, 1 µmol, 500 nmol, and 250 nmol-in reflector positive mode using SA as matrix. CS-A was detected in an amount of 500 nmol with a signal-to-noise ratio greater than 3. The parameters used for these analyses were as follows: voltage on the ground plate, 20.00 kV; acceleration voltage, 17.20 kV; voltage on focusing lenses, 9.20 kV; reflectron voltage, 23.00 kV; and attenuation, 75. These analyses showed that using the above-mentioned parameters, the detection limit of CS-A for this instrument lies somewhere in the range of 250 nmol to 500 nmol.
Test of linearity and detection limit for CT and CT-CS-A complex using ESI-TOF-MS
To determine the response of the detector for protein and protein-ligand complexes, different combinations of CT (20 µM) and CT-CS mixture (20 and 100 µM) after ultrafiltration (UF) were analyzed in the following way: CT/CT-CS mixture complex (50/0 µl, 48/2 µl, 45/5 µl, 40/10 µl, 30/20 µl, 20/30 µl, 10/40 µl, 0/50 µl). As expected, a broad peak was obtained for CT-CS mixture complexes, indicating the formation of different complexes with small differences in their molecular weights. For the sake of clarity, only the complex of CT with CS-A (major component) was taken as a reference for the detection limit determination. Comparing the peak intensities, 62% of complex formation with respect to protein concentration (20 µM) was observed. Signal intensities obtained for 3 different charge states for the protein as well as for the CT-CS-A complex were averaged in each case. Relative percentages of the complex with respect to the signal intensity of the protein in different samples were determined. Theoretical values were calculated using the dilution factor with respect to protein concentration (20 µM). A graph was plotted for theoretical values versus observed values, as shown in Figure 3 . The nature of the curve showed that the response of the detector was linear for CT as well as for CT-CS complexes. The CT-CS-A complex was detectable with a concentration (theoretical) of 1.24 µM (signal/noise > 3), and the detection limit lies in the range of 0.49 µM to 1.24 µM. 
LC-MS analyses
HPLC
Chromatographic separations were performed on a Hewlett-Packard HPLC-System (HP 1100). The HPLC column dimensions were 125 × 2 mm, and the stationary phase was a Prontosil C18 ACE EPS, 5 µm. In all HPLC methods, the flow rate was 0.25 ml/min, and 0.1% formic acid was added to both the acetonitrile and water component of the eluent. For the different tasks, different methods were applied: 
MS and MS/MS detection
The mass selective detection was carried out on an Esquire LC ion trap (Bruker Daltonics GmbH). Electrospray ionization was run in positive mode with a voltage of 4000 V, nebulizing gas of 42 psi, and drying gas of 10 l/min at 220°C. MS/MS experiments were performed in an auto MS/MS mode selecting the 2 peaks of highest intensity in the mass spectrum of each chromatographic peak. The relative value for the fragmentation amplitude was set to 1.
Derivatization with DNPH
Prior to analyses using methods 2, 3, and 4, the samples were derivatized with DNPH. A stock solution was first prepared by dissolving 3 mg of DNPH in 1 ml of a mixture of 5% H 2 SO 4 , 50% acetonitrile, and 45% water. Then, 50 µl of this solution was added to 250 µl of retentate after UF. The retentate was removed from the filter before derivatization to avoid false detection of the nonbinding compounds. The resulting mixture was mixed well, kept for 10 min at RT, and used directly for analyses. Due to the strongly acidic conditions used, hydrolysis of the complex and derivatization of bound substances occurred in one step. This observation was experimentally confirmed using ESI-TOF-MS. Concerned analyses are discussed in the following paragraph.
ESI-TOF-MS analyses
The instability of the protein-ligand complexes under strongly acidic conditions was investigated using a time-of-flight mass detector coupled with an electrospray ionization source. ESI-TOF-MS analyses were performed on a LCT mass spectrometer (Micromass, Manchester, UK). High resolution of this device offers better sensitivity and accuracy in the detection of proteinligand complexes when compared to the ion trap mass detector. CT was first analyzed under native conditions (using 50 mM ammonium acetate buffer, pH 6.8). ESI conditions were optimized to preserve the complexes during the ionization-desorption process. In particular, the accelerating cone voltage value (Vc), which determines the kinetic energy of ions in the interface region of the mass spectrometer, had to be reduced to Vc = 20 V compared to classical conditions (Vc = 50-100 V). ESI was run in positive mode with a voltage of 3000 V, the flow of desolvation gas was 400 l/h at 80°C, and the interface pressure was 2.5 mbar. Subsequently, the retentate (CT-CS library complex after UF) was analyzed with excess protein for a clear comparison of the peaks coming from the protein and the complexes. The peak obtained for the CT-CS library complexes was relatively broad. This is due to the formation of different complexes having small differences in their molecular weights. Out of them, the complex of CS-A and the methyl ester of CS-A could be observed (Fig. 4A ). Other complexes could not be identified as their signals were overlapping. Because the analysis of the retentate after the addition of DNPH solution (see Derivatization with DNPH) or SA did not result in identifiable spectra, formic acid of the same pH (2) was used. As can be seen from Figure 4B , no complex could be detected anymore above the detection limit.
RESULTS
Analysis of CS mixture
Prior to performing the binding affinity experiments (case I), the native chymostatin was characterized by HPLC-MS analysis. A and C components could not be separated with the applied system, which can be seen from the chromatogram shown in Figure 5A. Because both chymostatin A and C also have the same molecular mass (M + H + = 608), these substances are analytically indistinguishable. Chymostatin A and B (M + H + = 594) could be partially separated. The incomplete chromatographic resolution originates from two facts. First, the obtained peak shapes were poor; second, both substances generate 2 peaks each. A way to cope with these inconvenient elution profiles will be shown below. The appearance of peak doublets is most likely due to the existence of stereoisomers differing in the configuration of the C-atom next to the aldehyde group. The formation of epimers can be explained by assuming slightly basic conditions during the isolation procedure resulting in keto-enol tautomerism. This assumption is supported by the observation that once a fraction of one epimer was collected and stored under acidic conditions (pH 2), this form was stable, and the chromatographic analysis resulted only in 1 peak. As soon as the pH of the solution was increased to 8, 2 peaks could be observed in a following analysis whereby the initial ratio of both epimers was restored.
Besides the expected peaks of the chymostatins, a further triplet at an m/z of 624 has been detected. In the following MS/MS experiments, the related substances could be identified as chymostatin A derivatives hydroxylated at 1 of the 2 phenyl rings (Fig. 1) . A signal pattern at an m/z of 610 originating from hydroxylated derivatives Screening Libraries Using MALDI-TOF-MS and HPLC-ESI-MS/MS of chymostatin B was also observed at a lower intensity scale. This mass track was excluded from those depicted in Figure 5A for the sake of clarity. Further details on the hydroxylated compounds will be presented below.
As mentioned before, the bad peak shape of the substances was extraordinarily inconvenient for the analysis, especially when the method should be applied to the whole library. This problem could not be overcome by switching to other HPLC columns. The extreme tailing shape of the first peak of each pair indicates a reaction or an equilibrium taking place during separation, in which the aldehyde group is presumably involved. This assumption could be confirmed by blocking the functional group through derivatization with DNPH. Figure 5B shows the chromatogram of the same chymostatin sample after hydrazone formation. The chromatographic behavior was clearly improved upon derivatization, resulting in narrower peaks and consequently an increased sensitivity. Due to the addition of DNPH, the mass of all derivatized compounds was increased by an m/z of 180. The chromatographic retention of these components was markedly increased in this reversed phase system because their hydrophobic interaction increased. For the following HPLC-MS experiments, the samples have been derivatized with DNPH prior to injection.
Matrix selection for MALDI-TOF-MS analysis
For the selection of a suitable matrix for protein and ligands, basic (5-aminoquinoline, 3-methyl-quinoxalin-2-ol), neutral (6azathiothymine, 2,4,6-trihydroxyacetophenone), and acidic (2,5dihydrobenzoic acid, CCA, SA) matrices were used. Out of them, only acidic matrices were found to be appropriate as they produced clear spectra. The same matrices were used to detect the complexes formed after incubation of the CT and CS mixture, but only the signals of the protein and the ligands (Fig. 6A) were obtained. This phenomenon has also been observed in the ESI-TOF-MS experiments and is probably due to the breaking of the hemiacetal linkage of the complex and/or the unfolding of the protein leading to a set free of the ligands in acidic pH produced by the matrix. Efforts made to observe these complexes in basic and neutral matrices did not lead to a clear identification of the signals.
Binding of native CS (case I)
One of the important aims was to observe which components of the native CS are binding to the enzyme. To achieve this goal, incubation mixtures were analyzed both before and after ultrafiltration. 
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The spectra showing the signals of the CT-CS mixture before and after UF in the low molecular weight range are shown in Figure 6 . Figure 6A shows the expected signals at m/z 594 (CS-B) and m/z 608 (CS-A+C). Among the other peaks in the spectrum, only the peaks at m/z 610 and m/z 624 were also detected by HPLC-MS (see above). The peak with m/z 626 is a water adduct of CS-A formed during ionization, as confirmed by MS/MS analysis. The MALDI-MS analysis of the incubation mixture after UF produced a similar pattern of peaks as obtained in the case before UF. Figure  6B shows that CS-A(+C) and CS-B bind to the enzyme. The signal at m/z 624 can still be observed, whereas the peak at m/z 610 is no longer visible. No compound could be detected in a control experiment without CT. The characteristic water adduct at m/z 626 was also detected.
HPLC-MS analysis of the bound and set free ligands is shown in Figure 5C A B C these isomers cannot be separated by MALDI-MS. This showed that in this case, HPLC-MS is a mandatory requirement for the analytical screening of the library.
Generation of the CS library
For the synthesis of the CS library, a one-pot strategy was applied functionalizing the 2 reactive groups (COOH, CHO) of the native CS mixture. As main reagents, methanol and ethanol were used, resulting in the formation of different combinations of esters and acetals as products.
Analysis of CS library
As shown in Figure 7 
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A formed. Out of these signals, only 12 (marked A-L) were taken into consideration as they were also detected by HPLC-MS. Structural elucidation of the corresponding compounds was carried out by MS/MS analyses. Other signals marked with letters UP (unidentified peak) could not be detected by HPLC-MS probably due to their low concentration in the library or their lower sensitivity in the ESI-MS mode. For detailed analysis of the CS library with HPLC-MS/MS, the CS library has been subjected to derivatization with DNPH whereby only those substances with a free aldehyde group reacted to give hydrazones, resulting in a higher chromatographic retention and an increase in m/z of 180. For the separation of the hydrazone and nonhydrazone components, a different elution method was developed (method 3). Because the mixture of the different possible methyl and ethyl acetals combined with the possible esters proved to be very complex, an isocratic step was applied to elute these less hydrophobic compounds with optimal resolution. For elution of the more hydrophobic DNPH derivatives with sharp zones at the end of the chromatogram, a steep gradient step was added. This enabled sensitive detection of the minor components in this part of the chromatogram (e.g., the hydroxylated components).
The chromatogram depicted in Figure 8 indicates the presence of 22 substances with 12 different masses. Each substance is present in 2 epimeric forms. Of course, baseline separation of the related 44 compounds was not feasible, but the chromatographic resolution was sufficient to obtain characteristic fragmentation spectra for structural elucidations. To distinguish between the substances with ambiguous masses (m/z = 610, 622, 624, 638, 654, 668, and 682 for the underivatized component), a fragmentation pattern had to be identified. With the help of these HPLC-MS/MS experiments, all 22 components could be identified, and their structures were elucidated ( Table 1 ). The masses of the identified fragments and the related neutral losses are given in Table 2 . Figure 9 illustrates the different fragmentation pathways that have been observed. Besides the 2 possibilities for cleavage at the urea moiety close to ring 1, methanol and ethanol were eliminated from the various acetal functions (Y). Table 2 fragments and fragment groups observed in the MS/MS pattern. It can be seen that both chymostatin A and B were present in the hydroxylated form either at ring 1 or ring 2.
Binding of CS library (case II)
For the determination of the binding ligands, the complete library was incubated with CT. Subsequently, the mixture was washed and the retentate was analyzed by MALDI-MS ( Fig. 10 ). Of the 12 identified signals obtained from the whole library, only 7 (A-G) were detected. The masses corresponding to these signals were further investigated by HPLC-MS. As MALDI-MS provides comparatively sensitive detection, again 2 additional peaks (marked with UP) could be seen in the spectrum. Analysis of the sample without CT showed the absence of library components after ultrafiltration.
The identification could be confirmed by HPLC-MS and HPLC-MS/MS after derivatization with DNPH. Because no acetals were detected among the binding ligands in a first run, a linear gradient was applied for elution. This method provided better detection sensitivity, which is a prerequisite for a clear qualitative analysis of the binding ligands after derivatization, and the analysis time could be shortened. The binding substances could be chromatographically separated, as shown in Figure 11 , where all peaks were assigned to identified substances. In Table 1 , the binding components of the library identified by MALDI-TOF-MS, HPLC-MS, and HPLC-MS/MS analysis are marked with Letter e. a. For structure, refer to Figure 1 . b. Numbers corresponding to the numbers in Figures 8 and 11 . c. m/z values are rounded off to integers. d. Two retention times are given for the cases where both epimers could be identified in the chromatogram (Fig. 8 ). e. Chymotrypsin (CT) binding substances. 
Screening Libraries Using MALDI-TOF-MS and HPLC-ESI-MS/MS
DISCUSSION
The procedure developed for identifying protein-binding ligands from a pool of compounds based on centrifugal ultrafiltration has proved to be convenient for getting rid of nonbinding components. Chromatographic separation of the CS mixture provided important information about its constituents. One of the new findings was the existence of hydroxylated CS-A and B on the 2 phenyl rings 1 and 2, which has not been reported until now. Although these components produced poor signals, signal intensity was sufficient for a clear identification by MS/MS. Eventually, we have detected the presence of two diastereomers for each component. Our finding that only one diastereomer binds to the enzyme strongly supports the assumption that they are epimers. This epimerization very likely can be prevented by avoiding basic pH during the isolation process. As expected, both the forms gave rise to corresponding products during the synthesis of the CS library. This made the library more complex and its separation more difficult.
In this work, the complementary potentials of MALDI-TOF-MS and HPLC-MS/MS have been used. MALDI-TOF-MS provides rapid, straightforward, and sensitive analysis up to a high mass range, but it is not suitable to distinguish isomers. Structure elucidation from a mixture of isomers using postsource decay is almost impossible because the fragments cannot be assigned to a dis-tinct precursor. Contrarily, using HPLC-MS/MS isomers can be separated and identified. We used MALDI-TOF-MS for the first sensitive screening of all possible m/z values and for the control of the ultrafiltration procedure. With HPLC-MS/MS, most of the masses detected earlier with MALDI-TOF-MS were further confirmed, and the corresponding compounds were structurally elucidated. ESI-TOF-MS was used to demonstrate that after treatment of the protein-ligand complexes with acidic solution (pH 2), no intact complex could be detected anymore above the detection limit. This proves the feasibility of the applied screening procedure.
To summarize, 6 compounds were identified in the native CS mixture-namely CS-A, hydroxylated CS-A at ring 1, CS-B, hydroxylated CS-B at ring 1, hydroxylated CS-B at ring 2, and hydroxylated CS-A at ring 2; 3 compounds (the first 3) were identified as binding to the protein. In the case of the CS library, 10 compounds (marked with Letter e in Table 1 ) have been shown to bind to the enzyme out of 22 identified library components. Compounds determined as "nonbinding" either do not have affinity for the enzyme or have a low affinity, resulting in concentrations below the detection limit, or their initial concentration in the library was too low.
CONCLUSION
We have described a general screening method for proteinbinding ligands using mass spectrometric techniques. With the help of this method, we screened a complex library containing unidentified CS derivatives existing in 2 epimeric forms. In addition, the MS/MS analyses enabled us to identify not only the derivatives of CS but also the new components present in the CS mixture. This method does not guarantee the provision of complete information about all binding components principally capable to bind, but it certainly ensures the detection and identification of the binding components having concentrations above the detection limit and/ or possessing relatively high affinities to the target protein. As a conclusion, we have developed a screening method that is rapid and highly capable in providing information about protein-binding ligands. However, it is a qualitative method, and no information on binding affinities can be obtained. FIG. 11 . HPLC-ESI-MS chromatogram of retentate (binding library components) after set free with sulfuric acid (pH 2) and derivatization with dinitrophenyl hydrazine (DNPH) in one step (HPLC method 4). The peaks are numbered in accordance with Table 1 . HPLC-MS and derivatization conditions are as described in the Materials and Methods section.
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